Results from 1,039 combined cervical and transcranial Doppler examinations are reported. Satisfactory transcranial signals were not found in 2.7% of the cases. Compared with angiography, the accuracy of transcranial criteria in assessing collateral flow over the circle of Willis was 94 and 88% for anterior and posterior circulation, respectively. The method also appeared very promising for detection of lesions of the intracranial arteries although the number of such cases with angiographic verification was limited in the present series. Arterial narrowing due to cerebral vasospasm was diagnosed with a sensitivity of 80%. In patients with ruptured intracranial aneurysms, an incidence of 93% arterial narrowing in basal cerebral arteries was found. Patients with subarachnold hemorrhage and no aneurysm on angiography also showed arterial narrowing with an incidence of 56%. It was possible to monitor the time course and severity of cerebral vasospasm. Arteriovenous malformations were characterized by Doppler findings of high velocities and low pulsatilities. These lesions were diagnosed with an accuracy of 95%. (Stroke 1987;18:1018-1024)
N
oninvasive Doppler examination of the extracranial arteries was introduced in 1965 and has become a routine procedure in clinical practice. Further extension of Doppler techniques to the intracranial circulation was difficult due to the reflection and absorption of the ultrasound beam by the skull. In 1982, Aaslid et al 1 described a method based on 2-MHz pulsed ultrasound that could be used routinely to obtain Doppler signals from the basal cerebral arteries through thin areas of the temporal and occipital bone. Because this transcranial Doppler (TCD) approach gives direct access to the collateral network of the circle of Willis and to cerebral end-arteries, it is a valuable supplement to Doppler examination of the extracranial arteries in the evaluation and follow-up of patients with cerebrovascular disease.
In this paper, we report on the experience from 1,039 Doppler examinations and on the correlation between TCD sonography and angiography in selected cases.
Subjects and Methods
Between January 1982 and December 1985, a total of 1,039 patients with suspected cerebrovascular disease were evaluated by combined Doppler investigation at the Neurosurgery Department of the University Hospital, Bern, the majority in the out-patient clinic. Mean ± SD age was 54.7 ± 15.7 years. The clinical diagnoses of this series are listed in Table 1 with the incidence of pathologic Doppler findings for each subgroup.
TCD has been described in detail previously. 1 For the measurements reported in this paper, the prototype transcranial 2-MHz ultrasound Doppler instrument was used. Total maximal emitted ultrasonic power measured by the balance technique 2 was 100 mW, and the focal point of the ultrasonic beam was 5 cm. In Figure 1 , the situation during investigation is shown schematically. The blood velocities in the middle (MCA), anterior (ACA), and posterior (PCA) cerebral arteries were measured through a temporal bone window. In some pathologic cases with increased collateral flow, Doppler signals from the anterior (ACoA) or posterior (PCoA) communicating arteries were also obtained. For all data the velocity was calculated from the time-averaged outline or envelope Doppler shift.' The values were not corrected by the cosine of the angle of insonation, which was unknown. For the MCA, the angle of insonation is probably small, so the measured values correspond well to true velocity. Furthermore, in most pathologic cases the side difference gives more information than the absolute velocities.
In patients with repeated examinations, special care was taken to obtain the Doppler measurements with the same ventilation rate because flow depends strongly on PacOj. 3 If autoregulation is intact, cerebral blood flow remains constant within a wide range of mean arterial blood pressures. 4 Under these conditions, changes in mean blood pressure should influence TCD measurements to only a minor degree.
For investigation of the carotid arteries in the neck, 2-MHz pulsed Doppler was used in combination with a low insonation angle to obtain estimates of true stenosis velocity. 1 This approach was also used to evaluate lesions located high in the extracranial internal carotid artery (ICA) as in fibromuscular dysplasia. The vertebral and basilar arteries were also investigated with the 2-MHz system. Extracranial and transcranial Doppler findings were classified as pathologic when 1 or more of the following criteria were met: 1) localized velocity increase in the stenosis or large side difference in recordings from the same arteries ( > 2 SD of normal), 2) decrease in pulsatility of the velocity waveform in the poststenotic region, or 3) disturbed flow in any region resulting in spectral broadening. Additional criteria used only for TCD recordings were 4) localized velocity increase in the PCoA or ACoA indicating collateral flow, 5) "imbalanced" velocity ratios among basal cerebral arteries (for example, higher velocity in the PC A than the MCA), or 6) narrowing due to cerebral vasospasm, assumed when there was a 50% increase in velocity after subarachnoid hemorrhage (SAH) or if MCA velocities exceeded 120 cm/sec.
Intravenous digital subtraction angiography or intraarterial angiography by femoral catheterization were performed only if the information was needed for clinical management, especially as indicated for surgical treatment, of these patients. Therefore, the number of patients undergoing angiography was much lower than the number of Doppler examinations.
The sensitivity, specificity, and predictive values were calculated as 5 
Results
Because of a thick temporal bone, 26 ' 7 it may be impossible to get a Doppler signal from any intracranial artery through the temporal skull. The AC A and PCA may be difficult to identify even if good signals from the MCA are obtained. Therefore, we consider a TCD examination as at least partially successful when measurements from both MCAs are possible. In 28 cases (2.7%) it was impossible to get a signal from one (6 women, 2 men) or both MCAs (16 women, 4 men). The mean ± SD age of these patients was 68.5 ± 12.5 years, which was significantly higher than the mean age of all examined patients (p = 0.0005, Wilcoxon rank sum test). This may be explained by the thickening of the temporal bone observed in skull x-rays of elderly people. 6 The mean velocity, SD, and mean difference between sides are summarized in Table 2 for a subgroup of 535 patients with normal neurologic status and no localized increases in intracranial or extracranial Doppler velocities. Dividing the subjects into age groups, we found a significant decrease in mean velocity in all arteries with increasing age. The mean difference between the oldest ( > 7 0 years) and the youngest (<30 years) age groups was 33%.
Occlusive Vascular Lesions
Two hundred seventy-seven occlusive lesions were diagnosed by Doppler examination in 210 patients. The location and relative incidence of these lesions are summarized in Table 3 and are similar to those of other reports. 8 Only 18.1% of all occlusive lesions were intracranial, demonstrating the importance of extracranial Doppler investigation in evaluating occlusive cerebrovascular disease.
The correlation between Doppler findings and angiography in 95 occlusive lesions of the carotid artery and MCA are summarized in Table 4 . It shows a sensitivity of 91% and a positive predictive value of 94% with combined transcranial and extracranial Doppler sonography for diagnosis of significant occlusive lesions. Five cases with only slight stenosis had normal Doppler findings, confirming the methodologic insufficiency of Doppler only in diagnosing such lesions. 9 There was a fundamental difference in findings between stenosis of the MCA in the sphenoidal part and occlusions of the MCA branch. The first were diagnosed by an increase in velocities and local turbulence, while the latter were detectable only indirectly by a pathologically reduced velocity in the main MCA trunk. In cases of such branch occlusion, we frequently observed an increase of the ipsilateral ACA velocity compared with the unaffected side.
Direct TCD access to the circle of Willis arteries provides information on the extent and source of collateral flow in the brain circulation. An illustrative case of the TCD findings in a patient with a left ICA occlusion is shown in Figure 2 . The high flow velocity in the ACoA indicates right to left cross-over flow through the anterior circle. Furthermore, a relatively fast flow with only moderate damping of the pulse waveform in the left MCA indicates sufficient capacity of the collateral supply.
Three different collateral sources were considered in the present study: 1) external carotid artery (ECA) collaterals through the supratrochlear/orbital arteries, 2) anterior collaterals through the ACoA, and 3) posterior collaterals through the PCoA. Table 5 
Cerebral Vasospasm
An illustrative case is shown in Figure 3 . The increased velocities in the narrowed segment of the basilar artery were measured through the suboccipital approach. At the time of the second investigation, the spasm had resolved. With frequent TCD measurements, the time course of vasospasm can be followed on a day-to-day basis. One hundred eighty-four patients were examined by repeated TCD after SAH. The bleeding source was a ruptured aneurysm in 114 and an angioma in 2 patients; normal panangiography without aneurysm filling was found in 68 of the patients. For evaluating the incidence of arterial narrowing, we selected only patients with several measurements during the critical phase of vasospasm between Days 3 and 10 after the SAH. Table 6 summarizes the TCD findings in this group of 129 patients.
In the group with a confirmed source of hemorrhage, the incidence of narrowed vessels was 93.1%. The group without angiographic demonstration of an aneurysm had a 55.6% incidence of narrowed vessels. The correlation between the TCD findings and angiography for diagnosing cerebral vasospasm is shown in Table 7 . All Doppler examinations were done before angiography on the same day. The sensitivity of TCD was 80%. However, it should be noted that the 9 cases of false-positive Doppler classification may be partly explained by the difficulty of diagnosing minor degrees of arterial narrowing on the angiogram. 10 
Arteriovenous Malformations
Due to low-resistance direct connections between the arterial and venous systems over the arteriovenous malformation (AVM), the flow in the feeding vessels is increased in most cases and the pulsatility of the flow is reduced. An illustrative case is shown in Figure 4 . Because of minor hemodynamic changes, small AVMs cannot be detected with TCD." In a group of 14 patients with an AVM proven angiographically, 20 feeding vessels could be found. The results are listed in Table 8 , which shows a sensitivity of 95% and a positive predictive value of 100%. Discussion TCD provided technically acceptable recordings in the large majority of patients referred to us. The highest incidence of signal-to-noise problems was encountered in women over 60 years old. We are now trying to overcome this difficulty by using lower ultrasound frequencies. Another solution might be increased power. In cases with signal-to-noise problems, the bone probably absorbs and reflects > 9 0 % of the energy transmitted.
2 Therefore, the central nervous system is exposed to a greatly attenuated ultrasonic beam. In such a situation, it would seem justifiable to use higher transducer power output than at present to overcome bone attenuation.
The mean basal cerebral artery velocities reported previously from this laboratory 1 were confirmed by the tenfold larger number of cases (535) ( Table 2) . Relative side differences were higher in the ACA and PCA than in the MCA. This may be explained by either a more variable angle of insonation and/or variable vessel calibers in PCAs and ACAs forming the circle of Willis. 12 We could also demonstrate a significant age dependency of the velocities. This fact should be considered when defining criteria for pathologic flow velocities in these arteries. Differences among individual vessels might be better criteria for diagnosis than absolute values. In many cases with cerebral infarction, velocities were within 2 SD of the mean values of a comparable age group, but great differences between ipsilateral and contralateral MCAs were found. This might be due to an increased or decreased CBF on the ipsilateral side, depending on time after the embolizing episode. 13 The present study confirms other reports 1415 that TCD criteria can be used to diagnose intracranial ste- ECA, external carotid artery; ACoA, anterior communicating artery; PCoA, posterior communicating artery.
•Normal carotid angiography, no vertebral angiography performed. nosis and occlusions of the ICA and MCA with an acceptable accuracy ( Table 4 ). Lesions of the AC A and PCA are more difficult to detect because of variations in the circle of Willis and collateral flow in these blood vessels.
Only 50 (18.1 %) of 277 occlusive lesions diagnosed by Doppler examination were located intracranially, demonstrating the importance of combining examination of transcranial with extracranial carotid arteries. Furthermore, Doppler sonography alone was not a pressure-flow relations in the cerebral circulation. It is possible to observe the intracranial hemodynamic consequences of the stenosis/occlusion and the capacity of collaterals. 16 In the majority of extracranial lesions (Table 3) , TCD provided important information to supplement the extracranial investigation. The correlation between Doppler and angiographic evaluation of intracranial collateral pathways was very good. This result was not surprising because the entire circle of Willis is open to Doppler investigation in most patients. However, recent experience not included in this report has shown that, in special cases, false-positive diagnosis can occur. When there is a filling of both pericallosal arteries from one side and when the contralateral ICA is difficult to detect, the false diagnosis of an ICA occlusion may occur. From our experience, side differences of MCA flow velocities and pulsatile indexes seem to be a good supplement to define the hemodynamic significance of a lesion. 16 Further information may also be gained from physiologic testing of vasomotor reactivity by administering CO 2 in air.
The highest percents of pathologic TCD findings were seen in patients with aneurysmal SAH. The incidence of vasospasm by TCD criteria was 93.1%, which is much higher than the incidence reported angiographically. 17 Because velocity is inversely related to the diameter squared, TCD is a more sensitive method than angiography. 10 This may explain the higher incidence of vasospasm by TCD and the 9 false-positive Doppler diagnoses in Table 7 . Patients with SAH but no pathologic angiogram showed an incidence of 55.6% pathologically increased velocities in the basal cerebral arteries. In a previous study, 18 we demonstrated a direct correlation between the increase in velocity and the amount of CT-visualized cisternal blood. Because patients with negative angiograms in general have less cisternal blood, this may be the reason for the lower incidence of arterial narrowing. However, spasms of the pericallosal arteries and peripheral branches cannot be evaluated by the present TCD equipment (Table 7) . But, in severe cerebral vasospasm the proximal part of the MCA is almost always involved, and MCA velocity is a good parameter to evaluate vasospasm. 18 With such TCD monitoring, angiography during the acute phase of vasospasm can be avoided. Instead of repeating the angiogram, the time course of arterial narrowing can be followed noninvasively on a daily basis, enabling optimal timing for aneurysm surgery and evaluation of the efficacy of the medical treatment. 19 AVMs can be diagnosed by TCD with a high sensitivity (Table 8 ) because of the high velocity and low pulsatile index in the feeder arteries. Hyperventilation tests indicate that flow through an AVM is independent of CO 2 variations, which can be used to enhance the diagnostic value of TCD investigation. 11 This can help to differentiate a feeder artery to an AVM from a nutrient artery." Furthermore, velocity in feeder arteries together with the anatomic information obtained from angiography are of value in assessing the hemodynamic importance of the AVM. Finally, the effect of interventional neuroradiology or surgical removal of an AVM can be evaluated and followed up postoperatively by TCD.
